Introduction
Breakthroughs in tumor immunology have led to development of novel therapies targeting the mechanisms governing tumor resistance to the immune system, such as programmed death receptor-1 (PD-1) its ligand PD-L1, and cytotoxic T-lymphocyte-associated antigen-4 receptor (CTLA-4) [1] . Based on these findings, therapy with immune checkpoint blockade (ICB) has been evaluated in several trials in epithelial ovarian cancer (EOC). However, compared to some solid tumors, the response rates of EOC patients have been modest [2] [3] [4] . Furthermore, the median progression-free survival reported in all EOC studies is very short, typically coinciding with the first protocol-defined scan, leading to treatment discontinuation in the majority of patients [2] [3] [4] . While an effort is ongoing to identify the patients that are more likely to derive benefit from ICB, it is equally important to determine which patients are the ones that are more likely to discontinue before the first scan and thus are unlikely to derive benefit.
Immune checkpoint inhibitor antibodies do not target cancer cells directly, but rather exert actions indirectly through the immune system [5] . Consequently, in comparison to chemotherapy, time to response to ICB can be delayed [4, 6, 7] . In a recently-reported NRG-GY003 study of nivolumab and nivolumab with ipilimumab in EOC by Burger et al., tumor responses were frequently delayed, with one patient responding only after 6 months of therapy [8] . Moreover, although uncommon, early findings may include an initial increase in tumor burden or appearance of new lesions prior to subsequent disease response or stabilization, a phenomenon referred to as pseudoprogression [6, 9] . As such, treatment beyond first radiographic progression, typically performed at 8 to 12 weeks, is commonly recommended in patients receiving ICB, provided that the patients remain asymptomatic.
While delayed response or disease stabilization may be tolerated in some cancer types with isolated tumor lesions, it may present a challenge for advanced EOC patients, whose metastatic disease pattern is often characterized by peritoneal carcinomatosis, the progression of which may lead to early clinical symptoms such as abdominal pain and refractory ascites. Furthermore, these patients may experience irreversible disease-related risks such as bowel obstructions and fistulas, which may make them ineligible to receive further cancer-directed treatment. These symptoms may preclude the patients from treatment beyond the first scan, and some patients may be at risk for discontinuation even prior to the first protocol-scheduled disease assessment. Finally, a phenomenon of hyper-progression on immune checkpoint inhibitors has been recently reported in several cancer types [10] [11] [12] , where an apparent acceleration in tumor progression was observed upon initiation of ICB.
It is thus of importance to identify patients that are at risk for early treatment discontinuation to avoid exposing these patients to the risks of disease progression and potential drug toxicities.
As such patients are typically not analyzed extensively within the context of efficacy assessment in clinical trials, in the current study we performed a single-institution analysis of the EOC patients that received ICB agents, specifically focusing on the patients that discontinue therapy early. We find that early discontinuation of therapy due to disease progression is very common in these patients. Previous work has identified several clinical characteristics, including ECOG performance status, hemoglobin, and albumin, that could predict early discontinuation in patients enrolled into phase I clinical trials across multiple cancer types and agents [13] . Additional clinical parameters such as absolute lymphocyte count (ALC), neutrophil-to-lymphocyte ratio (NLR), and platelet-to-lymphocyte ratio (PLR) may indirectly reflect the integrity of the immune system [14] [15] [16] . Using these clinical characteristics, we identify several pre-treatment radiographic, and laboratory parameters associated with the risk of early treatment discontinuation of immunotherapy in patients with EOC.
Methods
Patients who received ICB for treatment of EOC, primary peritoneal cancer, and fallopian tube cancer from January 1, 2013 to May 20, 2017 at Memorial Sloan Kettering Cancer Center were identified. Patients who received immunotherapy drugs in combination with cytotoxic therapy were excluded, as early kinetics of response to these combinations is likely to be similar to cytotoxic therapy alone. Patients who discontinued early due to drug-related toxicity were excluded. Approval to conduct this study was received from the Memorial Sloan Kettering Cancer Center Institutional Review Board.
Immunotherapy targets of interest included PD-1, PD-L1, CTLA-4, and LAG3 alone or in combination. All patients except for 4 were treated on prospective clinical protocols and followed protocol-defined radiographic assessment schedules. Discontinuation date was identified as the off-treatment date documented by the treating physician. Patients were defined as having discontinued early or very early if therapy was stopped at or prior to 12 weeks or 8 weeks, respectively, due to clinical or radiographic progression. The selected cutoff times were based on the commonly-used protocol-mandated imaging schedules, as demonstrated in recently published ICB clinical trials in ovarian cancer [17, 19] .
Clinical and treatment data were retrospectively collected from electronic medical records. The following pre-treatment clinical properties were analyzed: age at diagnosis, body mass index (BMI), prior lines of therapy, histology, disease volume, peritoneal carcinomatosis, ascites, serum albumin, absolute lymphocyte count (ALC), neutrophil-tolymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), and the presence of metastases (irrespective of size) in liver parenchyma, lung or pleura, and bone on the basis of prior reports [15, [20] [21] [22] [23] [24] . A separate univariate analysis was conducted on the presence or absence of germline BRCA (gBRCA), for those patients with gBRCA data available in the EMR. Extent of disease was identified by review of radiologic image reports, and peritoneal carcinomatosis was recorded as present if defined as such by the reading radiologist. Bulky peritoneal disease was defined as the presence of any baseline peritoneal lesion greater than or equal to 5 cm, based on prior studies [25, 26] . A larger tumor burden has been shown to be a negative predictor of clinical outcomes and response to PD-1 blockade in melanoma [27] . Ascites was documented as present if defined as greater than or equal to small volume ascites on the pre-treatment CT radiology reports. Presence or absence of symptoms was assessed by the review of EMR documentation at the time of treatment discontinuation.
Descriptive statistics were listed for the clinical factors of interest for the whole cohort as well as the early and late discontinuation groups. Logistic regression was applied to examine the clinical factors predicting early discontinuation in univariate setting first. A multivariable logistic regression model was built based on the univariate results (factors with p value b 0.05 in univariate setting were added in the multivariable model). All patients had a minimum of 12 weeks follow up if they did not discontinue early. The primary analysis considered events only those patients who stopped therapy at or prior to 12 weeks due to clinical or radiographic progression. A secondary analysis focused on early discontinuation defined as stopping therapy at 8 weeks. A supplemental analysis looked at early discontinuation secondary to symptomatic disease progression at 8 weeks. p-Value b 0.05 was considered significant. The receiver operating characteristic (ROC) curves were used to plot the sensitivity along the y-axis and the "1-specificity" along the x-axis for comparing the multivariate model prediction versus the true binary outcome. All analyses were performed using SAS v9.4 and R v3.4.2.
Results

Early discontinuation of immune checkpoint blockade immunotherapy is common in patients with ovarian cancer
Data on 108 patients with EOC treated at Memorial Sloan Kettering Cancer Center on ICB agents were reviewed (Fig. 1A) . Nine (8.3%) patients were excluded for treatment with immunotherapy in combination with chemotherapy. Ten (9.2%) patients were excluded for discontinuation early due to immune-related drug toxicity (Fig. 1A) , as disease status (progression vs. non-progression) for these patients was not available. Of the final cohort of 89 patients, the majority (N = 85, 95.5%) received ICB while on a clinical trial, while 4 patients (4.5%) patients were treated with compassionate use therapy. Treatment agents and combinations included single-agent anti-PD-1/PD-L1 (34, 38.2%), anti-CTLA-4 (2, 2.2%), anti-LAG3 (3, 3.4%), combination of anti-CTLA-4 with anti-PD-1/PD-L1 (35, 39.3%), and combination of anti-PD-1/PD-L1 with other immunomodulatory agents (15, 16.9%).
Over half of the patients (N = 46, 51.6%) discontinued treatment early (less than or equal to 12 weeks after treatment initiation) due to radiographic or clinical disease progression (Fig. 1B) . Of note, 8 patients (9.0%) died from complications related to disease progression within the first 12 weeks of receiving ICB therapy. Baseline patient characteristics are shown in Table 1 . The median patient age at start of therapy was 58 years (range, 24-77 years). The majority of the patients had high grade serous carcinoma (83.1%) and were heavily-pretreated, with a median of 4 prior lines of therapy (range, 1-12). All patients had platinum-resistant disease, defined by platinum-free interval of b6 months from the most recent platinum-based therapy.
Symptomatic disease progression accounts for early therapy discontinuation in the majority of patients
Clinical symptoms were the reason for treatment discontinuation in 22 out of 30 (73%) patients prior to 8 weeks and in 27 out of 46 (59%) patients prior to 12 weeks (Fig. 1C) . The most frequent reasons for discontinuation were increasing abdominal pain, ascites, pleural effusion, and small bowel obstruction (Fig. 1D ). One representative patient is shown in Fig. 1E . The patient's baseline CT scan showed bulky disease, demonstrated by a metastatic implant along the lesser curvature of the stomach, measured as 8 by 3 cm, along with prominent lesser sac ascites. Approximately 6 weeks into therapy with a PD-1-blocking agent, this patient was admitted to the hospital for abdominal cramping secondary to increase in bulky implants with extrinsic serosal disease and small bowel tethering, leading to small bowel obstruction (Fig. 1E ).
Clinical parameters associated with early treatment discontinuation (≤12 weeks)
We proceeded to determine whether any pre-treatment characteristics could predict early or very early treatment discontinuation. On were predictive of early treatment discontinuation (Table 2) . Age at diagnosis, clear cell histology, body mass index (BMI), prior lines of therapy, peritoneal carcinomatosis, ascites, serum albumin, absolute lymphocyte count (ALC), neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), and the presence of metastases in the lung or pleura did not have a statistically significant association with early treatment discontinuation. The statistically significant variables were carried forward with multivariate analyses ( 
Clinical parameters associated with very early treatment discontinuation (≤8 weeks)
A subset of early progressor patients (30 out of 89, 33.7%) discontinued treatment prior to 8 weeks (Fig. 1B) , which was defined as very early discontinuation. On univariate analyses, the presence of liver parenchymal metastases (p = 0.001, OR 5.60, CI 2.08-15.05) and NLR ≥ 4 (p = 0.017, OR 3.07, CI 1.23-7.70) were predictive of very early discontinuation (Table 3 ). There was a small association of very early discontinuation with pre-treatment ascites and pre-treatment bulky disease, although these associations did not reach statistical significance, likely secondary to small sample numbers. On the contrary, serum albumin ≥ 4 g/dL was negatively associated with very early discontinuation (p = 0.026, OR 0.35, CI 0.14-0.88). On multivariate analysis, only liver parenchymal metastases (p = 0.001, OR 6.64, CI 2.21-19.92) and NLR (p = 0.021, OR 3.54, CI 1.21-10.31) were predictive of very early discontinuation (Table 3) .
To define the ability of the pre-treatment variables to predict early treatment discontinuation, the receiver-operating characteristic (ROC) curves were used to plot the sensitivity along the y-axis and the "1-specificity" along the x-axis for comparing the multivariate model prediction versus the true binary outcome for both 8-week and 12-week variables. For both multivariate models, the AUC of N0.75 demonstrated to have a good ability to predict early treatment discontinuation in these patients (Fig. 2) .
Finally, to determine whether specific baseline factors specifically predict for very early progression (8 weeks) due to clinical symptoms, univariate analyses were performed focusing on the variables previously found to be associated with early discontinuation. Liver 
Germline BRCA1 and BRCA2 mutational status and early discontinuation
In our study, 68 out of 89 pts had gBRCA mutational status reported in the EMR. Out of the 68 patients, 11 pts had gBRCA1 mutations and 6 pts had gBRCA2 mutations of known significance. On univariate analysis, the presence of gBRCA1 or gBRCA2 mutation was associated with early discontinuation (OR 4.64, CI 1.33-16.23, p = 0.016) but was not statistically significant for very early discontinuation (OR 1.94, CI 0.63-5.97, p = 0.25) in this subset of 68 pts.
Discussion
Due to the unique pattern of metastatic disease, characterized by peritoneal carcinomatosis and/or ascites, EOC patients are uniquely vulnerable to symptomatic disease progression and may often be unable to tolerate early disease growth for the treatment duration required to allow time for immune response. Indeed, in our study cohort, over 50% of EOC patients discontinued treatment prior to 12 weeks for clinical and/or radiographic disease progression. Of the patients who stopped therapy early, the majority discontinued due to clinical symptoms (59% at week 12 and 73% prior to week 8). Of note, 8 patients (9.0%) died within 12 weeks of initiation of ICB. Several studies in other cancer types have recently reported on immunotherapy "hyperprogressors": patients on immune checkpoint blockade who exhibited early accelerated tumor growth while on immunotherapy [10] [11] [12] . While a detailed analysis of tumor growth kinetics was not performed in this study, there is a possibility that some of the patients in the very early discontinuation group may have exhibited this phenomenon.
Such high rates of early discontinuation and even death in the patients that were initially deemed eligible for these clinical trials highlights that the criteria that are used to guide patient selection might not be sufficient when it comes to immune checkpoint blockade. Multiple clinical trials of ICB and combinations are currently ongoing in patients with EOC. Studies reported to date indicate a rather short PFS, with a drop off of the majority of patients prior or at the first protocol- B. Fig. 2 . Pre-treatment clinical parameters can predict early and very early treatment discontinuation. The receiver-operating characteristic (ROC) curves were used to plot the sensitivity along the y-axis and the "1-specificity" along the x-axis for comparing the multivariate model prediction versus the true binary outcome for both: A. 12-week (bulky disease and liver metastases), and B. 8-week (NLR and liver metastases) variables. The area under the ROC curve (AUC) is a measure of predictive accuracy where a value of 1 corresponds to a perfect prediction and a value of 0.5 to a totally random prediction.
mandated assessment. In a preliminary analysis of anti-PD-1 pembrolizumab in PD-L1 + ovarian cancer, median PFS was 1.9 months, just prior to the protocol response assessment at 8 weeks [19] . Our results thus mirror the findings from the reported studies. However, since none of the trials reported on the characteristics of the early progressors, we thought it would be prudent to examine the clinical characteristics that may be helpful in identifying the patients that are at the highest risk of early discontinuation. In multivariate analyses, bulky disease and liver parenchyma metastases were identified as predictors of early discontinuation, while liver parenchyma metastases and high NLR were predictive of very early discontinuation. Rather than being specific predictors of immunotherapy non-response, these markers likely reflect the overall disease burden and poor immune health status of these patients prior to initiation of ICB therapies. An increased NLR (≥4) has been suggested to serve as a marker for the host inflammatory response with increased neutrophils potentially serving as a source of VEGF, facilitating angiogenesis and tumor progression [23] . An increased NLR and low serum albumin have been previously shown to be prognostic predictors of poor survival in EOC [22, 23, 28] . Similarly, presence of liver parenchyma and bone metastases have previously been shown to be indicative of late stage metastatic disease in EOC patients [29, 30] , and thus may highlight more aggressive tumor biology. Finally, peritoneal bulky disease, as defined in our study by at least one peritoneal tumor measurement over 5 cm, has been used previously as a criterion in other EOC studies evaluating chemotherapy [25, 26] . Recognizing the limitations of estimation of disease burden using this definition, this parameter was nevertheless predictive of early discontinuation in our study. Interestingly, it did not prove to be predictive in prior chemotherapy studies, likely secondary to higher early response/disease stabilization rate seen with chemotherapy [25, 26] . Advanced studies in radiomics focusing on additional parameters such as other estimators of disease burden, number of sites, and tumor texture may help to further refine the radiographic predictors of early discontinuation.
There is an ongoing effort to identify molecular and histologic predictors of response to immune checkpoint blockade in EOC and other cancer types. In a recent clinical trial of nivolumab in EOC, one of the two patients who experienced a complete response (CR) had clear cell carcinoma [17] . Larger studies of immune checkpoint inhibitors specifically focusing on clear cell carcinoma are currently ongoing. In our analysis, clear cell histology was not predictive of early or late discontinuation, however, since only 9% of the patients in this cohort had clear cell carcinoma, we acknowledge the possibility of a type II error in this analysis. Association between the discontinuation time and other histologic and molecular parameters such as endometrioid histology and mismatch repair deficiency status likewise could not be performed on this study, since these cancer subtypes were not wellrepresented in our cohort (Table 1) .
A recent study has shown promise for ICB in gBRCA mutated EOC patients, with 4 out of 6 pts demonstrating a partial or complete response [18] . In our analysis of the 68 pts with gBRCA data available, 17 patients had germline deleterious alterations in BRCA1 or BRCA2. Surprisingly, the presence of gBRCA1 or gBRCA2 mutations was associated with early discontinuation. We would like to caution, however, that these findings are based on very small numbers and could be a reflection of a more advanced disease and heavily pre-treated status of the gBRCA mutation carriers. Of note, in the study noted above [18] , the two pts who had progression of disease were also heavily pre-treated with N6 prior lines of therapy. These results may reflect the importance of determining gBRCA mutation status and the use of ICB in these patients earlier in the disease setting and several ongoing trials using immune checkpoint blockade alone or in combination with PARP inhibitors in the upfront setting may help to answer this question.
The study has several obvious limitations. First, due to a limited number of patients with EOC that have been treated with ICB to date in our institution, the size of the study cohort is rather small. As a result, the variability in the OR estimates is large and several tested clinical parameters, such as bone metastases, were only present in a small number of patients, which likely influenced their poor predictive ability. Thus, while the individual clinical parameters identified in our study may help guide clinicians to make treatment decisions for individual potentially high-risk patients, the findings clearly need to be validated in a larger patient cohort. Secondly, the study has specifically focused on the patients treated with immunotherapy agents alone. Our findings might not be applicable to the trials utilizing ICB in combination with chemotherapy or targeted agents, where early control of tumor growth by chemotherapy may allow the patient to stay on treatment longer and provide ample time for the development of anti-tumor immune response, ultimately leading to durability of clinical benefit which is frequently seen on such studies [31] . Lastly, the study lacks the detailed molecular characterization of the patients' tumors. Studies in melanoma, lung, and bladder cancer identified several biomarkers predictive of clinical benefit to PD-1 blockade. These include tumor mutational burden (TMB) [32] , HLA diversity [33] , expression of PD-L1 [34] , presence of tumor-infiltrating lymphocytes (TILs) [35] , IFNγ transcriptional signature [36] , and intratumoral and peripheral TCR clonality [35, 37] . It will be of value to determine whether these parameters would also be predictive of clinical benefit or early discontinuation in ovarian cancer and this effort is currently ongoing. Such information, however, is unlikely to be available for every patient in the near future. In the interim, the use of common clinical parameters described in this study may provide a readily-available resource for the clinicians and may help guide decision for the use of ICB in their patients.
In summary, the study demonstrates that early discontinuation of ICB is common in EOC patients and several clinical characteristics indicative of advanced disease and poor prognosis may identify the patients at the highest risk for early discontinuation. Overall, it is likely that immune therapy should not be reserved as a late line therapy for patients with refractory and bulky disease, but rather should be used earlier in the disease course or in patients with lower disease burden, allowing for the potential delayed benefit in the patients who can tolerate early tumor growth.
